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Abstract.  We have evaluated the utility of the 
hepatoma-derived hybrid cell line, WIF-B, for in vitro 
studies of polarized hepatocyte functions.  The 
majority (>70%) of cells in confluent culture formed 
closed spaces with adjacent cells. These bile 
canalicular-like  spaces (BC) accumulated fluores- 
cein, a property of bile canaliculi in vivo. By indirect 
immunofluorescence,  six plasma membrane (PM) pro- 
teins showed polarized distributions  similar to rat he- 
patocytes in situ.  Four apical PM proteins were con- 
centrated in the BC membrane of WIF-B cells. 
Microtubules radiated from the BC (apical) mem- 
brane, and actin and foci of 3,-tubulin  were concen- 
trated in this region.  The tight junction-associated pro- 
tein ZO-1  was present in belts marking the boundary 
between apical and basolateral PM domains.  We ex- 
plored the functional properties of this boundary in 
living cells using fluorescent membrane lipid analogs 
and soluble tracers.  When cells were incubated at 4°C 
with a fluorescent analog of sphingomyelin,  only the 
basolateral PM was labeled. In contrast,  when both 
PM domains were labeled by de novo synthesis of 
fluorescent sphingomyelin from ceramide,  fluorescent 
lipid could only be removed from the basolateral do- 
main.  These data demonstrate the presence of a bar- 
rier to the lateral diffusion of lipids between the PM 
domains.  However, small soluble FITC-dextrans 
(4,400 mol wt) were able to diffuse into BC, while 
larger FITC-dextrans were restricted to various 
degrees depending on their size and incubation tem- 
perature.  At 4°C, the surface labeling reagent sNHS- 
LC-biotin (557 mol wt) had access to the entire PM, 
but streptavidin (60,000 mol wt), which binds to bio- 
tinylated molecules, was restricted to only the 
basolateral domain.  Such differential accessibility of 
well-characterized probes can be used to mark each 
membrane domain separately. These results show that 
WIF-B cells are a  suitable model to study membrane 
trafficking and targeting in hepatocytes in vitro. 
I 
s  vitro--polarized  cell  systems  have  been successfully 
exploited to study membrane traffic in epithelial  cells. 
MDCK cells (McRoberts et al., 1981) are a prominent 
in vitro model for kidney epithelium,  as Caco-2 cells (Pinto 
et al.,  1983) are for enterocytes.  In contrast, no polarized 
line derived from hepatocytes has been available.  Hepato- 
cytes represent an extreme in the spectrum of protein-sorting 
routes in epithelial cells, because they appear to lack a direct 
pathway to the apical surface.  They deliver newly synthe- 
sized plasma membrane (PM)  1 proteins first to the basolat- 
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noyl]-; Cs-DMB-Cer, N-[5-(5,7-dimethyl BODIPY)-l-pentanoyl]-o-erythro- 
eral membrane and then transport molecules destined for the 
apical domain across the cell via transcytosis (Bartles et al., 
1987; Schell  et al.,  1992).  A  valid in vitro model would 
facilitate further characterization  of sorting events in hepato- 
cytes and allow comparisons among different epithelial  cell 
types. Although the isolated perfused liver retains the in situ 
tissue architecture,  its use in vitro is limited. Only short term 
experiments are possible, and the presence of other cell types 
confounds results when probes that are organelle but not cell 
type specific are used.  Hepatoma lines  are often differen- 
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erythro-sphingosylphosphoryicholine;  DF-BSA,  defatted  BSA;  DPPIV, 
dipeptidyl  paptidase  IV; I-IBFM, Hepes-butfered  biotin- and serum-free 
medium; HSFM, Hepes-buffered serum-free medium; LSCM, laser scan- 
ning confocal microscopy; 5'NT, 5'-nucleotidase; pAb, polyclonal antibody; 
PM,  plasma  membrane;  sNHS-LC-Biotin,  sulfosuceinimidyl-6-(biotin- 
amido) hexanoate. 
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bile canalicular-like  structures, the functional equivalent of 
the  networks  of  branching  channels  into  which  bile  is 
secreted in vivo (Porvaznik et al., 1976; Rogier et al., 1986; 
Maurice et al.,  1988; Chiu et al.,  1990). This problem has 
been partially overcome by fusing rat hepatoma cells (Fao) 
and human fibroblasts (WI38), thus generating hybrid cells 
that express liver-specific functions after specific chromo- 
some segregation (Cassio et al.,  1991).  The WIF12-1 cells 
produced by this approach also exhibit substantial polarity. 
However, they only grow to a low maximal density and many 
cells remain unpolarized. Consequently, a derivative of these 
cells,  designated  WIFoB,  was  selected  specifically  for its 
ability to grow to a high density (Shanks, M., D. Cassio, O. 
Lecoq,  and A.  Hubbard,  manuscript  submitted  for publi- 
cation). 
The present study was designed to evaluate the polarized 
phenotype  of WIF-B cells.  Specifically,  we examined  the 
steady state distribution of six domain-specific PM proteins, 
the architecture of the cytoskeleton, and the localization of 
the fight junction-associated protein ZO-1. Functional prop- 
erties of the boundaries between apical and basolateral do- 
mains  in  living  cells  were examined  by using  fluorescent 
lipid analogs, soluble extracellular tracers, and a membrane 
impermeant labeling reagent. Our results show that the vast 
majority  of WIF-B cells are  highly  polarized  and  exhibit 
functional tight junctions. Therefore, the WIF-B line appears 
to be a suitable model for in vitro studies of membrane traffic 
and transcytosis. (Portions of this work have been published 
in abstract form [Cassio, D., M. Shanks, G. Ihrke, M. Laur- 
ent, and A. L. Hubbard.  1992. Mol. Biol. Cell. 3"304a].) 
Materials and Methods 
Medium nutrient mixture F-12 (Ham's modified), formula No. 92-5054EA, 
was obtained from GIBCO-BRL (Galthersburg, MD); FCS was supplied 
from  Hyclone  (Logan,  UT);  rhodamine-labeled  phalloidin,  N-[5-(5,7- 
dimethyl  BODIPY)-l-pentanoyl]-o-erythro-sphingosine (Cs-DMB-Cer) 
and N-[5-(5,7--dimethyl  BODIPY)-l-pentanoyl]-o-erythro-sphingosylpbos- 
phorylcholine (Cs-DMB-SM) was purchased from Molecular Probes, Inc. 
(Eugene, OR); SM-2-Bio-Beads were from Bio-Rad Laboratories (Rock- 
ville Center,  NY);  sulfosuccinimidyl-6-(biotinamido) hexanoate (sNHS- 
LC-Biotin) were from Pierce (Rockford, IL); streptavidin and FITC-strep- 
tavidin were obtained from Jackson ImmunoResearch Laboratories, Inc. 
(West Grove, PA); fluorescein diacetate, FITC-conjugated dextrans, and all 
other chemicals were from Sigma Inununochemicals (St.  Louis, MO). 
Cell Culture 
WIF-B cells were cultured in a humidified 7 % CO2/93 % air incubator at 
37°C as described elsewhere (Shanks, M., D.  Cassio, O. Lecoq, and A. 
Hubbard, manuscript submitted for publication). Briefly, cells were grown 
in modified Ham's F12 medium (Coon and Weiss, 1969) supplemented with 
HAT  (10  -5 M  hypoxanthine, 4  ×  10  -s M  aminopterin,  1.6  ×  10  4  M 
thymidine) and 5% FCS. Cells were routinely passaged on plastic dishes 
(Falcon Plastics, Cockneysville, PA) at  1.6-3.8  x  10'*/cm  2.  For experi- 
ments cells were plated onto plastic dishes or glass coverslips at 3.8  x  104 
cells/cm  2. We used 10-14-d-old cultures in all experiments, since the cells 
reached their maximal density and polarity at this time (Shanks et al., sub- 
mitted for publication). That is, they occupied 80-95 % of the dish surface 
area, and 80-95% of the cells participated in forming one or more phase- 
lucent, spherical structures when observed by phase contrast microscopy. 
By several criteria at least 90% of these spaces were located between cells 
(see Results); we have termed these intercellular structures bile canicular- 
like spaces (BC). 
Indirect Immunofluorescence 
PM Antigens  and ZO-1. The  mAbs against aminopeptidase N  (APN), 
dipeptidyl peptidase IV (DPPIV), HA4, CE9, and HA321  have been de- 
scribed (Bartles et al.,  1985a;  Hubbard et al.,  1985;  Scott and Hubbard, 
1992), as have been the rabbit polyclonal antibodies (pAbs) to these antigens 
(Bartles et al.,  1985a;  Bartles et al.,  1985b;  Scott and Hubbard,  1992; 
Hoppe and Hubbard,  1985).  Guinea pigs pAbs to afffinity-purified DPPIV 
and CE9 (Bartles et al.,  1985a)  were prepared commercially (HRP,  Inc., 
Denver, PA). Mouse mAbs (SNES, 5N4-2, and 5NH3) and the rabbit pAb 
to 5'-nucleotidase (5'NT) were a generous gift of Dr. Paul Luzio (University 
of Cambridge, Cambridge, U.K.) (Siddle et al., 1981; Bailyes et al., 1984), 
and the rat anti-ZO-1  mAb a gift of Dr. Bruce Stevenson (University of Al- 
berta, Edmonton, Canada) (Stevenson et al., 1986).  Fluorescent secondary 
antibodies were  from  Dako  (Santa "Barbara,  CA),  Kirkegaard &  Perry 
(Gaithersburg,  MD),  Jackson ImmunoReseareh Laboratories Inc.  (West 
Grove, PA), Pasteur Production (Marne la Coquette, France), or Sigma Im- 
munochemicals as indicated. 
Cells grown on coverslips were fixed in 3 % paraformaldehyde in PBS 
and permeabilized with methanol at 4°C as described elsewhere (Mevel- 
Ninio and Weiss, 1981). After rehydration in PBS, cells were incubated in 
primary antibody(s) (mAbs  1:100, pAbs  1:200-400  in  PBS,  1%  BSA), 
washed in PBS and then incubated with goat anti-mouse, goat anti-rabbit, 
or goat anti-guinea pig IgG coupled to FITC or Texas red (1:50-100),  and 
mounted in PBS, 25%  glycerol containing 2 mg/ml p-phenylenediamine. 
In double labeling experiments, the cells were incubated with both primary 
or both secondary antibodies at the same time. Confocal pictures were taken 
on a Bio-Rad MRC 600 confocal imaging system with a 63X objective (Carl 
Zeiss, Oberkochen, Germany) using Bio-Rad CoMOS or SOM software. 
Cytoskeletal Proteins. The mouse mAb to tx-tubulin (clone DM1A) was 
from Sigma Immunochemicals. The rabbit pAb to a Xenopus "y-tubulin fu- 
sion protein was a gift from Dr. Tim Stearns (Stanford University, Stanford, 
CA) (Stearns et al.,  1991). Secondary antibodies from Vector Labs Inc. 
(Burlingame, CA) or Kirkegaard & Perry Laboratories, Inc. (Gaithersburg, 
MD) were used and gave similar results. 
Microtubules and actin were localized in cells grown on cover slips fixed 
in 3.5 % paraformaldehyde in PBS for 10 min at 37°C, briefly rinsed in PBS, 
and then extracted in -20°C acetone for 5 min. After rehydrating in PBS 
containing 15 mM glycine, cells were incubated with anti-c~-tuhulin (1:500 
in  PBS,  0.5%  BSA),  washed  in  PBS,  and  then  incubated  with  horse 
anti-mouse FITC-IgG (1:100). The cells were washed again, incubated with 
10 U/m1 rhodamine-labeled phalloidin in PBS for 30 rain, washed in PBS 
for 1 min, and then mounted in Mowiol containing 2.5%  1,4-diazobicyclo- 
(2,2,2)-octane.  Microtuhules and 3,-tubulin  were double labeled in cells 
fixed in -20°C methanol for 5 min. The anti--y-tubulin pAb was diluted 
1:100 and the anti-ct-tubulin mAh used as above.  Secondary antibodies 
were goat anti-rabbit FITC-IgG and goat anti-mouse TR1TC-IgG,  respec- 
tively; antibody incubations and washes were as before. Pictures were taken 
with a Zeiss Axiovert microscope equipped with a 100x objective (Zeiss). 
Labeling of  Living Cells 
Fluorescein Diacetate. Cultures grown on plastic dishes were incubated 
with fluorescein diacetate at a final concentration of 0.1 #g/ml for 20 min 
at 37°C, and then washed two times with serum-free medium at 2°C (Rot- 
man and Papermaster, 1966).  The cells were observed and photographed 
within 10 min on a Zeiss Axioplan fluorescence microscope using a 25 x 
water immersion lens under phase contrast or epifluoresccncc illumination. 
Fluorescent BC were counted on micrographs and expressed as percent of 
total number of BC seen by phase contrast. 
Fluorescent Lipids 
Preparation of Fluorescent Lipid/BSA Complexes. Complexes of fluores- 
cent lipid with defatted BSA (DF-BSA) were prepared as described (Pagano 
and Martin, 1988), and subsequently diluted to 5 #M with Hepes-buffered, 
serum-free medium (HSFM), pH 7.2, without penicillin/streptomycin, am- 
photericin B, or HAT. Concentrations of lipid stock solutions were deter- 
mined by reference to known concentrations of fluorescent standards. 
Incubation of Cells with Fluorescent Lipid. Cultures grown on cover- 
slips were washed with HSFM at 2°C,  incubated with 5  #M Cs-DMB- 
SM/DF-BSA in HSFM for 30 min at 2°C, and washed at 2°C, before obser- 
vation and photography. Cultures incubated with Cs-DMB-Cer/DF-BSA as 
above were washed and further incubated in HSFM at 37°C for 60 min. 
To remove fluorescent lipid associated with the PM, cells were incubated 
6  ×  10 min at  10°C with 5%  DF-BSA ("hack-exchange"). 
Quantification of Fluorescent Apical PM Domain Labeling. Cultures 
grown on glass coverslips and incubated with 5 #M Cs-DMB-SM/DF-BSA 
as described were maintained at 2°C before observation under the micro- 
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categorized as fully,  partially, or unlabeled (see Results and Fig. 6) under 
epifluorescence  illumination using a Zeiss Laser Scanning Confocal Micro- 
scope equipped with a 100x objective and fluorescein optics. Seven differ- 
ent sets were examined (four cover glass preparations per set, 8-10 fields 
per cover glass). Each cover glass preparation was examined within 5-10 
min after mounting on a glass microscope slide. 
FITC-Dextrans 
FITC-dextrans were diluted in serum-free medium to a final concentration 
of 10 mg/ml.  10 mi aliquots were dialyzed against 21 serum-free medium 
containing SM-2 Bio-Beads at 4°C in the dark with three medium changes 
and stored at 4°C until use. Cells grown on plastic dishes were washed once 
with serum-free medium, incubated with FITC-dextrans for either 10 min 
at  37°C  or for 60  rain at 2°C,  and washed two times with  serum-free 
medium at 2°C, before observation and microscopy (see "Fluorescein Di- 
acetate"). 
Biotinylation 
Cells grown to confluency on coverslips (10-12 d) were washed three times 
with cold PBS  + (PBS, 0.9 mM CaCI2,  0.52 mM MgCI2,  0.16 MgSO4, pH 
7.2) and once with cold biotinylation buffer (10 mM borate, 137 mM NaCI, 
3.8 mM KCI, 0.9 mM CaCI2,  0.52 mM MgCI2,  and 0.16 mM MgSO4, pH 
9.0). Cells were labeled with sNHS-LC-biotin (0.62 mg/ml in biotinylation 
buffer) twice for 15 min at 4"C. The reaction was stopped with serum- and 
biotin-free medium buffered with 20 mM Hepes, pH 7.2  (HBFM).  Cells 
were washed once again with HBFM and then incubated with or without 
50 t~g/100/~1 streptavidin in HBFM for 30 min on ice. Cells were rinsed 
once with PBS  +,  incubated for 5-10 min in HBFM, washed three times 
with PBS  +,  and fixed as described for immunofluorescence of PM pro- 
teins.  Cells were then incubated with FITC-conjugated streptavidin (20 
#g/rnI) for 30 min at room temperature, washed with PBS, and mounted 
in PBS, 50% glycerol containing 2 mg/ml p-phenylenediarnine. Cells were 
examined on a Zeiss Laser Scanning Confocal Microscope equipped with 
a 100x objective lens. Fluorescence images were captured in the laser scan- 
ning mode and phase contrast images were photographed using the conven- 
tional mode of the microscope. 
Results 
WIF-B Cells Are Highly Polarized 
Under optimal culture conditions, WlF-B cell monolayers 
exhibit many phase-lucent structures (Fig.  1), about two to 
three times more than the parent WIF12-1  cells (Shanks et 
al., manuscript submitted for publication). Although these 
spherical spaces look very different from the branching bile 
canaliculi that are a  hallmark of the hepatocyte apical do- 
main in vivo (Motta et al.,  1978), they are functionally and 
compositionally analogous. We confirmed this in two ways: 
by showing that organic anions accumulate in these struc- 
tures as they do in WIFI2-1 cells (Cassio et al.,  1991), and 
by localizing several  well-characterized apical  membrane 
proteins to their surrounding PM domains. 
TransceUular Transport of Organic Anions. Fluorescein 
has commonly been used to demonstrate hepatic uptake and 
excretion of organic anions into the bile in vivo (Hanzon, 
1952;  Bhathal and Christie,  1969).  Confluent WlF-B cul- 
tures were incubated with non-fluorescent fluorescein diace- 
tate for 20 min at 37°C, washed, and examined immediately 
by fluorescence microscopy for appearance of fluorescein, 
the  hydrolysis product  of fluorescein diacetate.  The  vast 
majority (80-90%) of the phase-lucent spaces were fluores- 
cent  (Fig.  1).  There was  also  some  diffuse  fluorescence 
within  the  cells,  which  was  more  prominent  in  the  first 
minutes of incubation (data not shown). The bile acid deriva- 
tive FITC-glycocholate, when added to the medium at 37°C, 
also  accumulated  in  most  of these  structures  (data  not 
Figure 1. The organic anion fluorescein accumulates in WlF-B BC. 
12-d-old confluent cultures were incubated with 0.1 #g/ml fluores- 
cein diacetate in complete medium for 20 min at 37°C, washed, and 
then  photographed  within  10  min  by  phase  contrast  (A)  or 
epifluorescence optics  (B).  91%  of the  phase-lucent  areas  are 
fluorescent (arrows), indicating that fluorescein diacetate has been 
taken up and hydrolyzed to fluorescein, which is then excreted into 
the BC. The arrowhead points to an unlabeled BC. Bar, 25 #m. 
shown).  These  results  demonstrate  that  WIF-B  ceils  are 
capable of vectorial transport of at least two different classes 
of  molecules secreted into bile in vivo. Moreover, it indicates 
that the presumed bile canalicular transporters reside in the 
membrane surrounding the phase-lucent spaces. 
Distribution of PM Proteins.  We next studied the distri- 
bution of several PM proteins using immunofluorescence la- 
ser scanning confocal microscopy (LSCM). The apical PM 
protein APN was confined to the membranes of the phase- 
lucent structures, while the basolateral protein CE9 showed 
a  complementary localization (Fig.  2).  Three other apical 
PM proteins, DPPIV, HA4, and the glycosylphosphatidyl- 
inositol-linked 5'NT, also exhibited distributions similar to 
APN.  All were concentrated in the limiting membrane of 
these  phase-lucent  structures,  while  another  basolateral 
marker, HA321, was excluded. The structures that appeared 
as translucent "holes" with conventional phase contrast optics 
(Fig.  1) could clearly be seen as enclosed spaces by LSCM 
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from both the attached and free surfaces of the cells. 
We determined the extent to which two PM proteins local- 
ized  with  each other by double immunofluorescence and 
quantification (Table I). Combinations of apical PM proteins 
were found together in 94 to 99 % of the translucent struc- 
tures.  The basolateral marker CE9 was absent from 96 to 
99%  of the  structures  labeled  by  an  apical  marker  and 
HA321 was never found together with apical markers. In the 
few cases where CE9 co-localized with apical proteins, the 
phase-lucent structures often appeared to be intracellular. 
There were also occasionally intracellular ~acuolar com- 
partments" that contained only apical markers as have been 
described for other polarized cell lines (Vega-Salas et al., 
1987;  Le Bivic et al.,  1988). Under optimal culture condi- 
tions, as judged by LSCM, the intracellular population ac- 
counted for about 10% of all translucent structures. We con- 
sider the intercellular population ('~90%) equivalent to bile 
canaliculi and define these structures as BC. 
Figure 2. Apical and basolateral PM proteins show a polarized dis- 
tribution in WIF-B cells. APN (A) and CE9 (B) were localized in 
WIF-B cells by LSCM with use of rabbit pAb followed by goat 
FITC-IgG  (Pasteur  Production).  The upper  panel  of APN  (A) 
shows a compiled z series taken in 1 #m steps and the upper panel 
of CE9 (B) a single 1/~m optical x-y section taken ,07 #m from 
the bottom of the cells. The lower panels show 1 #m optical x-z 
sections through the cells at the location indicated by triangles in 
the x-y images; dashes mark the top and bottom of the cell layer. 
APN (A) is located at the membrane of all four BC structures. The 
basolateral marker CE9 (B) is excluded from the two visible BC 
(arrowheads). Note the partially overlapping growth of cells and 
the sequestered location of BC between adjacent cells in the x-z 
section (B). Bar, 10 ~m. 
Cytoskeletal Proteins and the 
Tight Junction-associated ZO-1 Show 
a Polarized Distribution 
Actin Filaments and Microtubules.  The arrangement of 
cytoskeletal elements in WIF-B cells was determined by con- 
ventional immunofluorescence microscopy. In cells treated 
with rhodamine-labeled phaUoidin a thin but highly concen- 
trated enveloping network of actin filaments was observed 
around the BC, together with a sparse network close to the 
basolateral membrane (Fig. 3 B). Micrombules, which were 
nearly always highly concentrated close to the BC,  often 
radiated out from regions close to this membrane (Fig. 3 C). 
This arrangement was most obvious in flatter regions of the 
culture. Here, micrombules appeared to extend out towards 
both the basolateral membrane and the nucleus (Fig. 3 C). 
In  thicker  areas  of the  culture,  the  high  abundance  of 
microtubules prevented precise localization of their ends. To 
verify the spatial relationship of  the cytoskeleton  with the ap- 
ical and basolateral PM domains,  double-labeling experi- 
ments with antibodies to the cytoskeletal markers and to 
HA4  or  HA321,  respectively,  were  performed  (data  not 
shown). 
Localization of~-Tubulin. To determine the possible po- 
sition of the microtubule organizing center, cells were double 
labeled with antibodies to both oL- and 7-mbulin. In 90% of 
cells contributing to the formation of a BC, a variable num- 
ber of'y-tubulin foci (range 1-9) were positioned close to the 
apical PM  (Fig. 4  B).  Rarely (<1%  of the BC), ,y-mbulin 
formed a discontinuous ring near BC (data not shown). In 
one-third of all BC examined, ,~-mbulin foci were positioned 
near the apical domain in one of the participating cells only. 
Although 10% of  the BC had no detectable ~-tubulin nearby, 
microtubules were still highly concentrated in this region 
(data  not  shown).  There  was  no  obvious  emanation  of 
micrombules from v-tubulin foci under steady state condi- 
tions, although after either cold- or nocodazole-induced de- 
polymerization,  initiation  of micrombule  polymerization 
was observed in areas containing 7-tubulin (data not shown). 
Localization of the Tight Junction Protein ZO-I. Tight 
junctions are marked by the membrane-associated protein 
ZO-1  (reviewed by Schneeberger and  Lynch,  1992).  The 
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DPPIV:~  HA4:~  APN:I:  5'NT~:  CE9:~  HA321 :~ 
(ap)  (ap)  (ap)  (ap)  (hi)  (ol) 
(percent of translucent  structures  double  labeled) 
DPPIVi (ap)  -  99  94  98  2  0 
HA40 (ap)  98  -  97  95  4  0 
CE90 (bl)  3  2  1  3  -  0a 
ZO-D (tj)  96  96  95  96  0  0 
ap, apical;  bl, basolateral;  tj, tight junctional. 
* WIF-B cells grown on coverslips were fixed, permeabilized, and stained for double immunofluorescence  as described in Materials  and Methods. At least 200 
BC were examined  for each pair-wise comparison. 
First PM protein visualized  by rabbit pAb followed by swine rhndamine-IgG. 
Second PM protein visualized by guinea pig pAbs (DPPIV and CE9), or rat mAb (ZO-1) followed by goat FITC-IgG  (Sigma), or mouse mAb (HA4) followed 
by goat FITC-IgG (Jackson). 
II HA321  and CE9 co-localized at the basolateral  PM, but were never found together in translucent  structures. 
three-dimensional appearance of this protein in WIF-B cells 
was determined by LSCM (Fig. 5). The apical domain was 
labeled in the same cells by using an antibody to HA4. To 
visualize the spherical BC architecture (Fig. 5 C), the image 
of a combined z series for ZO-1 (Fig. 5 A) was merged with 
a single optical x-y section for HA4 (Fig. 5 B). ZO-1 was 
localized in belflike structures surrounding BC at the con- 
tact sites of adjacent cells.  Most of the BC  (86%)  were 
formed by two cells and one belt was located between the two 
cells. The other BC had two or more connected belts around 
them, indicating that three or more cells were participating 
to form a BC (Fig. 5 A, inset). We quantified the extent to 
which ZO-1 co-localized with different PM markers by dou- 
ble immunofluorescence (Table I): 95-96 % of the translu- 
cent structures that were positive for apical PM proteins 
were also positive for ZO-1.  The small fraction that con- 
tained apical markers but showed no staining for ZO-1 ap- 
peared to be intracellular structures (Fig. 5). Conversely, the 
basolateral markers CE9 and HA321 never co-locaiized with 
ZO-1, suggesting the presence of  a diffusion barrier at the do- 
main boundary marked by this tight junction protein. 
A Diffusion Barrier to Sphingolipids 
Is Present between the Apical and Basolateral 
PM Domains 
Fluorescent Sphingomyelin at the Basolateral PM Does 
Not Diffuse to the Apical PM. The presence of a diffusion 
barrier to lipids in the PM of WIF-B cells was first assessed 
using an exogenously added fluorescent sphingomyelin ana- 
log, Cs-DMB-SM. Cells were incubated with Cs-DMB-SM 
at 2°C, washed, further incubated either in the presence or 
absence of back-exchange medium at  10°C,  and then ob- 
served by LSCM. After incubation with CrDMB-SM the 
basolateral PM domain was intensely fluorescent in all cells 
examined while the apical PM domain of most cells ap- 
peared to be unlabeled (Fig. 6 A). Similar results were also 
obtained after cells were incubated as above with other fluo- 
rescent analogs of sphingomyelin, or with a glycolipid ana- 
log, Cs-DMB-galactosylceramide (data not shown). Treat- 
ment  of  Cs-DMB-SM-Iabeled  cells  with  back-exchange 
medium completely removed fluorescence at the PM (Fig. 
6 B),  suggesting that the fluorescent lipid was associated 
with the outer leaflet of the membrane bilayer (Koval and 
Pagano,  1990;  van Meet et al.,  1987). 
Although the apical PM domain of the majority of cells 
was unlabeled (Fig. 7 A), a small mount of  fluorescence was 
seen in •20%  of the cells (Fig. 7, B and C). In these cells, 
the tightness of the diffusion barrier might have been tem- 
porarily altered, allowing diffusion of sphingolipid from the 
basolateral to the apical PM domain. It is also possible that 
fluorescent sphingolipid gained direct access to the apical 
PM domain via a paracellular route. In either event, the per- 
centage of BC labeled with exogenously applied fluorescent 
sphingomyelin was relatively small. 
Fluorescent Sphingomyelin at the Apical PM Does Not 
Diffuse  to the Basolateral PM.  To learn whether sphin- 
golipids present at the apical  PM  domain of WIF-B are 
restricted to that domain by a  diffusion barrier,  both PM 
domains were first labeled by delivery of fluorescent sphin- 
gomyelin along the secretory pathway following its de novo 
synthesis from a fluorescent ceramide analog (reviewed in 
Pagano,  1990;  Rosenwald and Pagano,  1993).  Cells were 
then incubated with back-exchange medium. If a diffusion 
barrier is present, only the basolateral PM should contact 
the back-exchange medium and only its fluorescence should 
be removed.  In the absence of a  diffusion barrier,  back- 
exchange  should remove  fluorescence from both  plasma 
membrane domains. 
WIF-B cells were incubated with Cs-DMB-Cer at 2°C, 
washed, and further incubated at 20°C to allow the fluores- 
cent ceramide to accumulate at the Golgi apparatus and be 
metabolized (Lipsky and Pagano, 1983, 1985; van Meer et 
al.,  1987; van't Her and van Meer,  1990).  The cells were 
then washed and incubated in back-exchange medium at 
10°C to remove any fluorescent sphingolipid present at the 
PM (Fig. 8 A). Cells treated in this manner demonstrated in- 
tense fluorescence at the Golgi apparatus, diffuse cytoplas- 
mic fluorescence, and an absence of fluorescence at either 
PM domain. Quantitative analysis of lipids extracted from 
cells  treated  in  this  manner revealed  that  '~67%  of the 
Cs-DMB-Cer was converted to CrDMB-SM.  When cells 
treated as in Fig. 8 A were further incubated for 30 min at 
37°C, prominent fluorescence at both the apical and basolat- 
eral PM domains was seen (Fig. 8 B). However, when cells 
treated as in Fig. 8 B were subsequently incubated with hack- 
exchange medium at 10°C, prominent fluorescence was ob- 
served at the apical (but not basolateral) PM domain (Fig. 
8  C).  These experiments demonstrate the presence  of a 
diffusion barrier to fluorescent sphingomyelin at the bound- 
ary between apical and basolateral PM domains. 
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BC of WIF-B ceils. WlF-B cells (phase image shown in A) were 
double labeled for actin (B) and microtubules (C). Actin filaments 
were visualized with rhodamine-conjugated  phalloidin and micro- 
tubules were stained with mouse anti-c~-tubulin mAb, followed by 
horse FITC-IgG. Actin filaments (B) form a thin enveloping net- 
work around BC (arrows). Microtubules (C) radiate out from re- 
gions close to the BC membrane; some appear to pass towards the 
basolateral membrane (arrows), while others are directed towards 
the nuclear region (arrowheads).  Bar,  10 #m. 
Figure 4. Discrete foci of ~-tubulin  axe located close to BC. WIF-B 
ceils (phase image shown in A) were double labeled for "y-tubulin 
(B) and microtubules (C). -~-Tubulin  was stained with rabbit pAb, 
followed by goat FITC-IgG; microtubules were labeled with mouse 
anti-c~-tubulin rnAb, followed by goat TRITC-IgG. Discrete foci of 
3,-tubulin (B) are present close to the membrane of most BC (ar- 
rows). Microtubules (C) are not obviously associated with ~/-tubu- 
lin and radiate out from regions close to the BC membrane ir- 
respective  of the location of 3,-tubulin (arrows). Bar,  10 pm. 
The Journal  of Cell Biology, Volume 123, 1993  1766 Figure  5. ZO-1 marks the borders between apical and basolateral  domains. WIF-B cells were double labeled for the tight junction-associated 
protein ZO-1 (A and C) and the apical marker HA4 (B and C). (D) Schematic drawing of the BC in A-C which is marked by an arrow 
and/or arrowhead (n  =  nucleus of adjacent cell).  ZO-1 (arrows) was visualized  with rat mAb followed by goat FITC-IgG (Kirkegaard 
and Perry), and HA4 (arrowheads) was stained  with rabbit pAb followed by goat Texas red-IgG (Jackson).  The image of ZO-1 (A) is a 
compiled z-series taken in 1 #m steps, and that of HA4 (B) is a 1-/zm  optical x-y section. Both images (A and B) were merged to generate 
the image in C to illustrate  the three-dimensional  BC architecture.  The beltlike  presence of ZO-1 around BC between the participating 
cells suggests the existence  of tight-junctional  structures  separating apical and basolateral domains. In B and C one can see an intracellular 
"vacuolar compartment" (v) which is positive  for HA4 but has no ZO-1 staining  (A and C).  The inset  in A shows an example  of three 
cells forming a BC with two connected ZO-1 belts around the BC, a phenomenon observed in 12% of all BC (n =  200). In a few cases 
(2%),  even three or more ZO-1 belts  were visible  (% of total BC, n  =  200). Bar,  10 #m. 
The Boundary between the Apical and 
Basolateral Domains Shows Selectivity 
to the Diffusion of  Soluble Molecules 
Diffusion ofFITC-labeled Dextrans.  We next explored the 
properties  of the boundary between  apical and basolateral 
domains  in  living  WlF-B  cells  using  soluble  molecules. 
Confluent cells were incubated with FITC-dextrans of  4,400, 
35,600, and 71,200 D for 5 to 10 min at 37°C or for 60 min 
on ice, washed quickly, and observed within  10 min.  Since 
intracellular  staining  was not observed under these condi- 
tions (data not shown), the dextrans served as extracellular 
reporter molecules for the diffusion selectivity of the domain 
boundary. At 37°C, there was substantial staining of BC with 
dextrans  of all  sizes.  This  was  most  pronounced  for  the 
4,400-D dextran which labeled 78% of the BC (Fig. 9, A and 
B).  The labeling diminished  as the size of the dextrans in- 
creased;  the largest dextran tested (71,000 D) labeled only 
13% of the BC (Fig. 9 B). Interestingly, at low temperatures 
the BC were less  accessible to dextrans  of all  sizes.  Only 
36%  of the BC contained label when cells were incubated 
with the 4,400-D dextran on ice, even though the incubation 
time was extended to 60 min. The fraction of labeled BC di- 
minished  to <5%  with the  largest probe used  (Fig.  9  B). 
This  indicates  that  the  boundary  between  the  apical  and 
basolateral  domains is  selective to the diffusion of soluble 
molecules and that the selectivity is temperature dependent, 
We did not observe significant differences whether incuba- 
tions  were carried  out in the presence  or absence of Ca  2÷ 
(see Discussion). 
Ihrke et al.  WIF-B Cells In  Vitro Model for Hepatocytes  1767 Figure 6. Exogenously applied fluorescent sphingomyelin integrates into the basolateral PM. Cells were incubated with 5 #M Cs-DMB- 
SM/DF-BSA for 30 min at 2°C, washed, and photographed immediately (A), or, further incubated with 5 % DF-BSA (~back-exchanged") 
to remove fluorescent lipid at the plasma membrane before photography (B). The phase-contrast image corresponding to each fluorescence 
micrograph is shown at the right. Arrows and arrowheads show the location of the basolateral surface and BC, respectively. LSCM scans 
were performed under identical conditions and all confocal micrographs were exposed and printed identically. Bar, 10 #m. 
Accessibility  of the  BC for  Biotin  and  Streptavidin. 
Membrane-impermeable derivatives of  biotin are commonly 
used as covalent cell surface labels in living cultures of  polar- 
ized cells (Sargiacomo et al., 1989; Rodriguez-Boulan,  1989). 
In monolayers of simple epithelial cells, exogenously applied 
biotin does not penetrate tight junctions, making it a suitable 
domain-specific probe  (Sargiacomo et al.,  1989).  We la- 
beled confluent WIF-B cultures with sNHS-LC-biotin (557 
D) for 30 min at 4°C, and then fixed the cells and visualized 
biotinylated PM proteins with FITC-streptavidin. All baso- 
lateral  cell  surfaces and  ,~80%  of the  BC  surfaces were 
stained (Fig. 10 A). The level of labeling intensity at the BC 
relative to the basolateral signal varied to some degree, de- 
pending on the buffer system used (data not shown). Raising 
the pH from 7.5 to 9.0 resulted in much brighter overall stain- 
ing.  However, varying the temperature, pH, or incubation 
time did not significantly change the total number of labeled 
BC. In ,,020% of the total population the domain boundary 
prevented paracellular diffusion of biotin. 
When biotinylation of the cells was followed by an incuba- 
tion with unconjugated streptavidin at 4°C before fixation 
and detection with FITC-streptavidin, basolateral domains 
were no longer positive (Fig. 10 B). In contrast, apical mem- 
brane domains were stained with the fluorescent  probe as be- 
fore, confirming that large molecules, such as streptavidin, 
are excluded from the BC of living WIF-B cells at low tem- 
peratures. 
Discussion 
We have evaluated the WIF-B cell line as a potential candi- 
date for in vitro studies of  vectorial membrane traffic in polar- 
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servations made by Cassio et al. f199D of  the WIF 12-1 cells, 
the WIF-B antecedent. Under optimal culture conditions, the 
WIF-B cells maintain many of  the hallmarks of the polarized 
hepatocyte in situ. PM proteins that are restricted to either 
the apical (bile canalicular) or basolateral domain in situ 
show similar steady-state distributions in WIF-B cells. Ex- 
cretion of organic anions into the spherical BC further indi- 
cates that these structures are the functional equivalent of 
bile canaliculi in vivo. ZO-1 localizes to the boundaries be- 
tween BC and basolateral domains, indicating the presence 
of tight junctions. We then explored two areas where much 
less is known in vivo at the individual cell level: the architec- 
ture of the cytoskeleton and the "fence and gate  ~ properties 
of the domain boundary in living cells.  Microtubule and 
actin-based filaments show a  preferential association with 
the BC structures in WIF-B cells. The diffusion  of  membrane 
sphingolipids is constrained by the domain boundary marked 
by ZO-1 in WIF-B cells. Finally, small but not large soluble 
molecules have reasonably free access to the BC space and 
membrane, allowing the modified use of well-characterized 
vectorial labels in these cells. Consequently, we think the 
WIF-B cells provide a valid in vitro model for polarized he- 
patocytes. 
Polarized Organization of WIF-B Cells 
The WIF-B  cells  present a  different polarized phenotype 
from that of either simple columnar epithelial cells or hepa- 
tocytes in sire. In monolayer  culture on tissue culture plastic, 
the  apical  domain is  hidden  between  adjacent cells  and 
sealed off from direct experimental access.  Furthermore, 
the individual apical structures, which we term ~BC; do not 
form anastomosing networks of canals as in vivo. Neverthe- 
less, they are the functional equivalent of BC by all criteria 
we  applied.  The  ability  of WIF-B  cells  to  accumulate 
fluorescein and  a  fluorescent derivative of the  bile  acid 
glycocbolate in the BC suggests the existence of functional 
hepatic transporter systems like the apical multispecific or- 
ganic anion transporter (Elferink et al.,  1990;  Kitamura et 
al., 1990; Ishikawa et al., 1990) and bile acid transporter(s) 
(reviewed by Nathanson and Boyer, 1991). The immunofluo- 
rescence studies show that the distribution of known apical 
(APN, DPPIV, HA4, and 5'NT) and basolateral PM domain 
markers (CE9 and HA321) closely resembles their localiza- 
tion in situ (Barfles et al., 1990; Scott and Hubbard,  1992; 
Barr and Hubbard, 1993; Luzio et al., 1986). In vivo and in 
vitro  the glycosylphosphatidylinositol-linked  protein  5'NT 
Hgure 7.  Exogenously applied fluorescent sphingomyelin is ex- 
cluded from apical PM domains. Cells were incubated with 5/tM 
C5-DMB-SM/DF-BSA for  30  min  at  2°C,  washed, and  pho- 
tographed. BC (arrowheads), initially identified by phase micros- 
copy, were  classified as (A) unlabeled (80.6 + 2.0%), (B) partially 
labeled (14.1 4- 2.1%), or (C) fully labeled (5.5 4-  1.6%) during 
observation under epifiuorescence illumination (data represent % 
of total BC [mean 4- S.D.; n  -- 2322]). LSCM scans were per- 
formed under identical conditions and all micrographs were ex- 
posed and printed identically. Bar, 10/~m. 
lhrke et al. WIF-B  Cells In Vitro Model  for Hepatocytes  1769 The Journal of Cell Biology, Volume  123, 1993  1770 Figure 9. The paracellular diffusion of FITC-dextrans across the domain-boundary is size and temperature dependent.  Confluent cells were 
incubated with 10 mg/ml FITC-dextrans of  the indicated molecular weight at 37°C for 10 min or on ice for 60 min, washed, and immediately 
observed at a fluorescence microscope. (A) WlF-B cell culture after incubation with a 4,400-D dextran for 10 min at 37°C under phase 
contrast (top) and epifluorescence illumination  (bottom);  arrows point to labeled BC, the arrowhead indicates an unlabeled  BC. (B) FITC- 
dextran positive  spaces  were counted and expressed  as percent of translucent areas  observed at phase contrast. Bar,  25 #m. 
seems to be less highly polarized than the other PM markers, 
since a weak label is also seen in the basolateral domain (Lu- 
zio et al.,  1986). The restriction to one or the other PM do- 
main  of all  integral  proteins  studied  implies  the  presence 
of a barrier preventing intermixing of proteins between do- 
mains (Pisam and Ripoche, 1976; Edidin,  1992) and the exis- 
tence  of mechanisms  to deliver  and/or  retain  them  in the 
correct membrane domain  (reviewed by Schneeberger and 
Lynch,  1992). 
The  polarized  distribution  of different  domain  markers 
correlates with the localization of ZO-1 in beltlike structures 
around the BC of WIF-B cells.  The peripheral  membrane 
protein ZO-1 is generally regarded as a good marker for the 
presence of tight junctions (reviewed in Citi,  1993).  It was 
originally shown to be associated with hepatic tight junctions 
in  mouse  liver  (Stevenson  et  al.,  1986;  Anderson  et  al., 
1988).  In recent EM studies,  some ZO-1 staining was also 
found in the region of the adherens junctions in rat hepato- 
cytes 0toh et al.,  1993), a result that might be related to the 
less-developed character of liver tight junctions as compared 
to other epithelia. However, its concentration at the expected 
site of the junctional  complex in WlF-B cells  suggests the 
Figure 8.  Fluorescent sphingomyelin  present at the apical PM does not diffuse  into the basolateral  domain. Cells were incubated  with 
5/zM Cs-DMB-Cer/DF-BSA for 30 min at 2°C, washed,  incubated in HSFM for 2 h at 20°C, washed,  and subsequently  back-exchanged 
with 5% DF-BSA at 10°C to remove fluorescent  lipid present at the PM (note prominent labeling  of the Golgi apparatus  [G]) (A). Cells 
were then further incubated for 60 min at 37°C,  washed,  and photographed immediately (B), or, subsequently  back-exchanged  with 5 % 
DF-BSA (C). Note that both the basolateral  (arrow) and the apical (arrowhead) PM domains are labeled in B, while only the apical domain 
(arrowhead) is labeled  in C. The phase-contrast image corresponding to each fluorescence  micrograph is shown at the right.  LSCM scans 
were performed under identical  conditions and all confocal micrographs were exposed and printed identically.  Bar,  10/zm. 
Ihrke et al. WIF-B Cells In Vitro Model for Hepatocytes  1771 Figure 10.  Apical domains are accessible to biotin but exclude streptavidin. Confluent WIF-B cells were biotinylated at the cell surface 
with sNHS-LC-biotin in borate buffer, pH 9, at 4°C. Cells were then (A) fixed and incubated with FITC-streptavidin or (B) incubated 
with tmconjugated streptavidin before fixation and detection with FITC-streptavidin. Basolateral domains as well as the membranes of 
most BC (arrows) are efficiently labeled in the absence of unconjugated streptavidin (A). When the living cells were incubated with uncon- 
jugated streptavidin after biotinylation, basolateral surfaces were masked for later binding of  FITC- streptavidin, resulting in specific label- 
ing of apical domains (B). About 20% of the BC are not accessible even to biotin under either condition (arrowhead). With the borate 
buffer system '~60%  of the BC are at least as brightly labeled as the basolateral domain, whereas •20%  are less brightly labeled. The 
phase-contrast image corresponding to each fluorescence micrograph is shown at the right. LSCM scans were performed under identical 
conditions and all confocal micrographs were exposed and printed identically. Bar, 10 gm. 
presence of tight junctions, an assumption supported by EM 
studies  in WIF12-1  (Cassio et al.,  1991)  and WIF-B cells 
(data not shown). 
In addition to the polarized distribution of PM proteins, 
cytoskeletal elements also displayed polarity in WIF-B cells. 
Actin filaments were predominantly concentrated in a thin 
network around the BC membrane and microtubules radi- 
ated  from  areas  close  to  the  BC.  The  actin  distribution 
resembles that of actin filaments around bile canaliculi in he- 
patocytes in vivo, which has been described as a "pericana- 
licular web" (Oda et al., 1974; Ishii et al., 1991). It is possi- 
ble that these actin filaments have a  functional role in the 
periodic  contractions  of BC  that  have  been  observed  in 
WlF12-1 cells (Cassio et al.,  1991). Several studies provide 
evidence that active bile canalicular contractions involving 
pericanalicular actin have a physiological role in bile flow 
(Phillips et al.,  1983; Watanabe et al.,  1991; Tsukuda and 
Phillips, 1993). However, the contractile properties of Be in 
WlF-B cells have not yet been studied. 
The arrangement of microtubules in hepatocytes in vivo 
has  been partially elucidated (reviewed by French et al., 
1987). Bundles of microtubules are detectable, both in the 
perinuclear area, and running parallel to the cell cortex. In 
primary hepatocytes, disruption of microtubules prevents 
development of fully polarized and functional BC (Durand- 
Schneider et  al.,  1991).  Several reports show  that  apical 
transport of PM proteins in simple epithelia is facilitated by 
microtubules (Rindler et al.,  1987;  Acheler et al.,  1989; 
Matter et al.,  1990; Hunziker et al.,  1990; Gilbert et al., 
1991).  Microtubules  in  simple  polarized  epithelial  cell 
models have been well studied. Bundles of  microtubules run- 
ning between the apical and basal domains are oriented with 
their minus end towards the apical surface in MDCK cells 
(Bacallao et al.,  1989) and Caco-2 cells (Meads, T., and T. 
The Journal of Cell Biology,  Volume 123, 1993  1772 Schroer, unpublished observations). Centrosomes in MDCK 
cells  are  localized near  the  apical  pole  (Buendia et  al., 
1990). -t-Tubulin, a centrosomal component that plays an ac- 
tive role in microtubule nucleation (Stearns et al.,  1991; 
Joshi et al., 1992), is often positioned close to the BC mem- 
brane in WIF-B cells, and microtubules nucleate from these 
regions after depolymerization (data not shown). It is thus 
tempting to speculate that microtubules in WIF-B cells are 
oriented with their minus end towards the apical domain, as 
in MDCK and Caco-2 cells, and that they play a role in po- 
larized trafficking of proteins. 
In the minority of WIF-B cells that were unpolarized, the 
distribution of microtubules was more symmetric, reminis- 
cent of that in fibroblasts, and microtubules were concen- 
trated around the nucleus. In the same cells, the localization 
of  PM  protein  was  not  confined  to  discrete  domains. 
Moreover, we saw no beltlike ZO-1 staining around BC (data 
not shown). These results emphasize that the fully polarized 
hepatocyte phenotype is a consequence of multiple vectorial 
functions acting in concert, the appearance of which seems 
to correlate with the existence of tight junctions. 
Restricted Diffusion of  Fluorescent Sphingolipids 
across the Domain Boundary 
We have shown that exogenously applied fluorescent sphin- 
gomyelin  analogs associated with the basolateral PM domain 
of WIF-B cells were excluded from the BC and could be 
readily removed by incubation with back-exchange medium. 
This domain-specific restriction was observed using several 
different sphingolipid analogs with different fluorescent fatty 
acid or head group moieties. Moreover, fluorescent sphin- 
golipid synthesized de novo and delivered to the PM along 
the secretory pathway could be removed from the basolateral 
surface, but not from BC, by back-exchange. Taken together, 
these results provide strong evidence that the fluorescent 
sphingomyelin resided in the outer leaflet of the PM bilayer 
and that a barrier to diffusion of sphingolipids exists between 
the apical and basolateral PM domains. 
It  is  likely that  tight junctions provide  the  barrier  to 
diffusion of  lipids between WIF-B PM domains, as has previ- 
ously been shown for MDCK, Caco-2, and other polarized 
epithelial cells in vitro (Dragsten et al., 1981; Spiegel et al., 
1985; van Meer et al., 1987; van't Hof and van Meer, 1990). 
The  observed  restriction  of fluorescent  sphingolipids  to 
WIF-B cell PM domains is consistent with the "fence" model 
of the tight junction (Dragsten et al., 1981; van Meer et al., 
1986)  wherein  the  tight junction  serves  as  a  barrier  to 
diffusion between PM domains of lipids in the outer leaflet 
of the membrane bilayer. The tight  junction "fence" functions 
to maintain compositional differences between PM domains 
in polarized cells.  While we have not examined the lipid 
compositions of PM domains in WIF-B cells, these report- 
edly differ in hepatocytes (Higgins and Evans,  1978;  re- 
viewed in Koval and Pagano,  1991). The observation of a 
diffusion barrier to lipids between WIF-B cell PM domains 
is consistent with tight junctions having the same "fence" 
function in hepatocytes. 
Selective Paracellular  Diffusion through 
the Domain Boundary 
A second function of tight junctions is as a "gate" that con- 
trois the paracellular movement of solutes across the epithe- 
liurn, from blood to bile in liver (reviewed by Sellinger and 
Boyer, 1990).  The "gate" and "fence" functions seem to be 
regulated by different factors and can be uncoupled (Mandel 
et al., 1993). WIF-B tight  junctions are leaky at 37°C to mol- 
ecules <35,600 D, but the accessibility of the BC decreases 
markedly with increasing molecular weight of the molecules 
and at lower temperatures. Although we cannot rule out that 
some fluorescent molecules reach the BC via transcytosis, 
the short incubation times (5-10 rain) used gave no signifi- 
cant fluorescence inside of cells, although punctate spots 
were detectable at >30 min. 
Under physiological conditions in vivo, transcytosis ac- 
counts for the appearance of large molecules (i.e.,  HRP- 
40,000 D) in bile (Lake et al., 1985). In contrast, paracellu- 
lar diffusion of smaller molecules seems to be important for 
normal bile flow (reviewed by Sellinger and Boyer, 1990). 
However, the relative importance of the paracellular versus 
transcytotic routes cannot be assessed at the individual cell 
level in vivo as can be done in vitro. Since hepatic tight  junc- 
tions  are  plastic  structures,  the  permeability might vary 
among cells in the population. Nonetheless it is possible that 
the average tight junction permeability is higher in WIF-B 
cultures compared to that of hepatocytes in vivo. In this re- 
gard, it is curious that a small molecule such as fluorescein 
is retained in the BC for a prolonged period. It is consistent 
with the cation selectivity of leaky epithelia that this organic 
anion does not easily diffuse across the domain boundary of 
WIF-B cells (Bradley and Herz,  1978). 
Our initial attempts to regulate the tight  junctions of WIF-B 
cells have not been conclusive. Deprivation of extracellular 
calcium did not affect their permeability significantly, sug- 
gesting that the integrity of hepatic tight  junctions is less cal- 
cium dependent than those of other epithelia. This view is 
consistent with observations in the perfused liver and in vivo 
(Katsuya et al.,  1978;  Stevenson and Goodenough, 1984). 
However,  studies in the perfused rat liver and in hepatocyte 
couplets clearly show that hepatic tight junctions are regu- 
lated by the concentration of intraceUular calcium concen- 
tration (Lowe et al., 1988; Nathanson et al., 1992).  Protein 
kinase C  seems to play a major role in the regulation, as 
in simple epithelia (reviewed by Schneeberger and Lynch, 
1992). Preliminary results in WIF-B cells are consistent with 
this concept (data not shown). 
Our long term goal is to understand the routes and mecha- 
nisms of membrane traffic in epithelial cells. To study pro- 
tein  trafficking in  WIF-B  cells  at  a  biochemical  level, 
domain-specific labeling methods are  required.  Although 
the  sequestration  of  apical  domains  in  WIF-B  cultures 
represents a challenge not present in monolayers of MDCK 
or Caco-2 cells,  one can take advantage of the observed 
"permselectivity" of the tight junctions. Since small biotin 
derivatives, like sNHS-LC-biotin,  gain access to the vast 
majority of BC, conventional biotinylation  techniques can be 
applied to label the entire cell surface. The PM domains can 
then be discriminated by exclusion of large molecules like 
streptavidin from the BC. 
The results presented in this study show that the WIF-B 
cell line is a suitable in vitro model for the study of protein 
and lipid trafficking in polarized hepatocytes. We are partic- 
ularly interested in transcytosis in hepatocytes, since it is the 
predominant if not exclusive pathway in these cells for deliv- 
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determine the relative importance of the direct and indirect 
routes for the delivery of lipids and PM proteins to the apical 
cell  surface  and  elucidate  mechanisms  of basolateral-to- 
apical transcytosis,  a microtubule-dependent process.  Fur- 
thermore, this cell line provides a potential model system for 
the study of physiological phenomena, such as regulation of 
tight junctions, bile acid secretion, and constitutive secretion 
of plasma proteins and lipoproteins. 
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